To explore the connection between α-(BEDT−TTF) 2 I 3 and α-(BEDT−TTF) 2 MHg(SCN) 4 (M = K, Rb, Tl and NH 4 ) and to resolve the difference between band picture and charge fluctuation of α-(BEDT−TTF) 2 MHg(SCN) 4 , we utilized 13 C-NMR to examine α-(BEDT−TTF) 2 RbHg(SCN) 4 under the conditions with a large hyperfine coupling constant at each site. The temperature dependence of site susceptibility showed the development of spin disproportionation as observed in α-(BEDT−TTF) 2 I 3 . We found that the linewidth of the A site only increased as temperature decreased from 200 to 100 K, a change associated with the development of lattice modulation. These findings indicate that density-wave modulation occurs during charge disproportionation instability.
I. INTRODUCTION
The (BEDT−TTF) 2 X salts are organic conductors consisting of alternating conducting sheets of BEDT−TTF and insulating sheets of anion. 1 These materials have been classified as α-, β-, κ-, and θ -types, depending on the arrangement of their BEDT−TTF molecules. [2] [3] [4] [5] The physical properties of these salts, even those having the same chemical formula, (BEDT−TTF) 2 X, strongly depend on their molecular arrangement. For example, κ-type salts show antiferromagnetism or superconductivity, 4, 6 whereas θ -type salts show a chargeordered (CO) state. 7, 8 The α-type salts, which have been intensively investigated during the past two decades, were recently found to be candidates for a Dirac electron system. 2, 9, 10 The space group of α-(BEDT−TTF) 2 X is P1, with three independent molecules, A, B, and C, in a unit cell [ Fig. 1(a) ]. The B and C molecules are located on the inversion center, whereas the A and A' molecules are at general positions and are associated with inversion symmetry. The A and A' molecules form a columnar structure along the c or a axis, as do the B and C molecules. These two columns alternate with each other along the a or b axis. 2, 11 The α-type salts have been classified into two categories: α-D 2 I 3 (D=BEDT−TTF, BEDT−TSF, and BEDT−DTDSF) 2 4 (M=K, Rb, Tl and NH 4 ). 11, 12 Hereafter, α-(BEDT−TTF) 2 4 , M = Rb, K, and NH 4 4 . Despite intensive investigation of α-ET-I 3 , the mechanism underlying the metal-insulator (MI) transition around 135 K at ambient pressure remained unclear. Investigations concluded that the insulator phase is a CO state, where the charges on the A, B, and C molecules are disproportionate to the breaking of inversion symmetry, due to off-site Coulomb interactions. [13] [14] [15] [16] Moreover, the MI transition could be suppressed by pressure, and the band dispersion of the paramagnetic state is thought to have a narrow gap structure. This unconventional band structure may be a candidate for a Dirac electron system. 9, 10 In contrast, the physical properties of α-(BEDT−TTF) 2 MHg(SCN) 4 salts are due to the density-wave (DW) state of their one-dimensional Fermi surfaces. [17] [18] [19] [20] [21] However, the α-ET-NH 4 salt showed superconductivity at about 1 K, 22 suggesting that superconductivity is mediated by charge fluctuation. 23 Although the incommensurate satellite reflection observed by x-ray diffraction (XRD) was consistent with the charge density wave (CDW) instability, some inconsistencies have been observed with a conventional CDW framework, including high order harmonics, marked sample dependence, and short coherence length in the DW state. Moreover, the satellite reflection was observed over a wide temperature range. 20, 21 Although α-ET-I 3 and α-(BEDT−TTF) 2 MHg(SCN) 4 have the same molecular arrangement, with each having a diamagnetic anion, the electronic structure of the former has been correlated with the distribution of electrons, whereas the structure of the latter was understood within the band framework. The electronic configuration of the paramagnetic phase of α-(BEDT−TTF) 2 MHg(SCN) 4 thus remains unclear, although this phase involves information on the mechanism of superconductivity of α-ET-NH 4 , which appears after the suppression of DW.
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Analyses of the infrared reflection specta of α-ET-K and α-ET-Rb salts suggest that the charge fluctuations are observed below 200 K. 24 The infrared spectrum of the α-ET-K salt below 20 K clearly and independently showed breakage of inversion symmetry, suggesting that breaking of inversion symmetry occurs at low temperatures. 25 13 C-NMR peak splitting was also observed for the α-ET-Rb salt below T DW . 26 These results and our hypothesis, that superconductivity is mediated by CO fluctuations, suggested CO instability in α-(BEDT−TTF) 2 MHg(SCN) 4 .
In α-(BEDT−TTF) 2 MHg(SCN) 4 , the a-axial interaction is stronger than the c-axial interaction and the one-dimensional Fermi surface perpendicular to the a axis. Therefore, the system becomes more one dimensional under the a-axial strain, and the system becomes more two dimensional under the c-axial strain. Namely, the ratio of the in-plane lattice constant, c/a, can control the dimensionality of the electronic state in α-(BEDT−TTF) 2 MHg(SCN) 4 . The phase diagram of α-(BEDT−TTF) 2 MHg(SCN) 4 taking the value of c/a as a tuning parameter was suggested from the uniaxial strain experiment, as shown in Fig. 2 . 27 Moreover, it was speculated that α-ET-I 3 locates at the small value of c/a on the phase diagram 28 because the value of c/a for α-ET-I 3 at ambient pressure is smaller than that for α-ET-NH 4 , 2,11 and α-ET-I 3 showed a SC transition under the uniaxial strain which increases the value of c/a. 29 To date, no experimental evidence connects the DW observed by XRD 20, 21 and the CO instability observed at low temperature. 21, 25, 26 Moreover, it is important to verify whether the lattice distortion in the paramagnetic state actually affects the electronic properties. Since the contribution of the off-site Coulomb interaction should be observed in the A and A' molecules, a site-selective magnetic probe is desired. Field 2 X determined by resistance measurement under the uniaxial strain. The horizontal axis is c/a, the ratio of the in-plane lattice constant (Refs. 27 and 28). direction specified 13 C-NMR is suitable for this purpose. 16, 26 In our previous report, we performed 13 C-NMR at the direction which we could measure in detail about the B and C molecules. 26 Therefore to assess the connection between DW instability and off-site Coulomb interactions, we assessed the 13 C-NMR spectrum of this salt at the specific magnetic field direction, allowing the magnetism of the A molecule to be sensitively detected, and we compared these results with those at an angle of high sensitivity for the B and C molecules.
FIG. 2. Phase diagram of α-(BEDT−TTF)
II. EXPERIMENTAL DETAILS
To prevent the Pake doublet effect, we enriched one side of the central double-bonded carbon site with 13 C nuclei [ Fig. 1(b) ]. 30 Single crystals of α-ET-Rb were prepared by the electrochemical oxidation method. 11 The crystals of this molecule typically have a black thick rectangular shape. NMR spectra were measured using a spin-echo method, with an external magnetic field of 9.4 T. The angle dependence of the NMR shift around the b * axis was measured using the angle rotating equipment. The linewidths were measured as full widths at half maximum (FWHM) of Lorentz fitting.
III. RESULTS AND DISCUSSIONS
A. Site assignment and hyperfine coupling constant
Although spin susceptibility provides important information about the electronic properties, α-ET-K, α-ET-Rb, and α-ET-NH 4 salts contain a number of molecules in a unit cell, with the spin susceptibility at each site behaving independently. NMR, a microscopic magnetometer, can assess the local susceptibility around the nuclei. equivalent, whereas the sites on the B and C molecules are equivalent. Therefore, NMR spectra should show four peaks, corresponding to the independent 13 C sites of A(a), A(b), B, and C. Indeed, we observed four peaks at room temperature [ Fig. 3(a) , inset]. These peaks could be assigned to their corresponding molecules by the phase of the NMR shift during measurement of angle rotation. Figure 3(a) shows the angular dependence of the NMR shift around the b * axis. The anisotropic shift is mainly dependent on the dipole field of the electronic spin in the p z orbital. When the field is parallel to the p z orbital, the NMR shift reaches a maximum, whereas when the external magnetic field is perpendicular to the p z orbital, the NMR shift reaches a minimum. As the A(a) and A(b) sites are on the same molecule, and the p z direction of the two sites are parallel to each other, the angular dependencies of the A(a) and A(b) sites should be in the same phase. Therefore the open circle and square symbols in Fig. 3(a) could be assigned to the signals from the A(a) and A(b) sites, respectively. We evaluated that the angle between the A and B molecules is 77
• , whereas the angle between the A and C molecules is 70
• [ Fig. 1(c) ]. 11 When we compared these angles with the phase difference of the angular dependent NMR shift, we found that the solid and inverted solid triangles could be assigned to the signals from the B and C sites, respectively. Using the peak assignment for the four peaks, we could evaluate site susceptibility.
The NMR shift(δ) can be determined from the Knight shift (K), the chemical shift (σ ), and the spin susceptibility (χ s ), using the equation
Here, A is a hyperfine coupling constant between the nuclear and electron spins. The chemical shift could be estimated from the chemical shift tensor for (BEDT−TTF) +0.5 . 16 As the spin susceptibility χ s is isotropic, the anisotropy of the NMR shift is dependent on the anisotropy of the hyperfine coupling constant, which is derived from the p z orbital and does not show significant site dependence. 15 Therefore the ratio of local susceptibility at room temperature could be estimated from the amplitude of the angle dependent Knight shift, and the local susceptibilities could be estimated from the observed amplitudes. Thus, χ s = 2χ A + χ B + χ C as χ A (RT) = 1.9 × 10 −4 emu/mol., χ B (RT) = 1.1 × 10
emu/mol., and χ C (RT) = 0.9 × 10 −4 emu/mol. To reliably determine the temperature dependence of local spin susceptibility, it is necessary to measure the Knight shift under conditions with a large hyperfine coupling constant. Hence, the field direction θ of 52
• in Fig. 3(a) is suitable to A sites with hyperfine coupling constants of A A(a) = 11 kOe/μ B and A A(b) = 15 kOe/μ B , and the field direction of 127
• is suitable for the B and C sites with A B = 17 kOe/μ B and A C = 11 kOe/μ B .
B. Temperature dependence of the local susceptibility
The temperature dependence of the local susceptibility estimated from the NMR shifts at the corresponding angles is shown in Fig. 3(b) . The data for θ = 127
• were from our previous report. 26 The total value (χ all = 2χ A + χ B + χ C ) and the spin susceptibility from SQUID measurements are also plotted in Fig. 3(b) . 18 The temperature dependence of χ all is consistent with that of the spin susceptibility. At room temperature, the local spin susceptibilities of the B and C sites are almost the same. With decreasing temperature, however, spin disproportionation developed between the spin-rich B and the spin-poor C molecules with the order of the spin susceptibility being χ A > χ B > χ C .
The same spin disproportionation in the paramagnetic phase is observed above 135 K for α-ET-I 3 . 16 In both salts, the molecule forming with the larger dihedral angle the A 085105-3 molecule became the spin poor site. Spin susceptibility can be determined by the density of state at Fermi energy, and is almost temperature independent in the band regime. Hence the temperature dependent disproportionation is regarded as due to the electron correlation. Since α-ET-I 3 undergoes CO transition, the similarity of the spin disproportionation including the temperature dependence for the α-ET-Rb and α-ET-I 3 salts suggested a CO instability in α-(BEDT−TTF) 2 MHg(SCN) 4 and in the unified diagram for the α-(BEDT−TTF) 2 X system.
C. Linewidth anomaly
However, there was definitive evidence of structural distortion, and transport measurements under high field were connected to the DW instability. [19] [20] [21] We explored anomalies of the 13 C-NMR spectra associated with these structural distortions. Figure 4 shows the temperature dependence of the linewidth of the NMR shifts of the A(a), A(b), B, and C sites; the behavior of the C site at low temperature could not be evaluated due to the overlap of the C site with the A sites at these temperatures. The linewidth of the B and C sites increased rapidly from 50 to 8 K, at which α-ET-Rb shows the DW transition. In contrast, the linewidth of the A site gradually increased as temperature decreased from 200 K, leveling off at around 100 K, but increased as the temperature decreased below 50 K, similar to the B site. Below 50 K, the linewidth of all sites broadened, reflecting the DW anomaly as well as the satellite reflection intensity. 20, 21 The behavior of the A site below 200 K is reminiscent of the thermal variations of the correlation length of the satellite reflection observed on XRD. 20, 21 
D. Symmetry breaking at A sites
In Fourier transform (FT)-NMR, the linewidth is described as ω = 2π/T 2 + γ H . Therefore, we could specify the static or dynamic cause of increasing linewidth through the measurement of the spin-spin relaxation time T 2 . We could measure the T 2 of the A(a) site, 1.03 ms (RT), 1.27 ms (50 K), and 0.99 ms (25 K). We could measure the T 2 of the A(b) site, 1.09 ms (RT), 1.17 ms (50 K), and 0.98 ms (25 K). T 2 barely depends on temperature, and the linewidth due to T −1 2 is about 1 kHz. Hence the linewidth below 100 K is caused by inhomogeneous static width. In x-ray measurement, P. Foury-Leylekian et al. speculate that the super lattice of α-ET-Rb and α-ET-K does not couple with a fluctuation CDW of a simple electron system but with weakening symmetry of lattice. In measurement of T 2 by NMR, the increasing linewidth suggests static strain, consistent with their speculation.
The differences in temperature associated behavior at the A, B and C sites provide important information about lattice distortion and electronic properties at these sites. XRD results suggested that the superlattice of α-ET-K was not coupled with CDW fluctuations in a normal manner but with static anion distortion combined with the CDW instability. 20, 21 It is therefore unclear whether the broadening is due merely to the lattice distortion or involves electronic anomalies. Static lattice modulations can broaden NMR linewidth. For example, potential disorder due to a structural modulation can induce electron localization and change the distribution of local susceptibility. 31, 32 This distribution can broaden the linewidth through the hyperfine coupling constant ( δ = A χ ). Alternatively, a structural modulation can modify both the molecular arrangement and the hyperfine coupling constant, resulting in broadening of the linewidth ( δ = A · χ ). Regardless, anomalous linewidths should be observed at the A, B, and C sites. However, anomalous linewidths similar to lattice modulation were observed only at the A sites.
The NMR spectrum of the A(a,b) sites in α-ET-I 3 is split into two spectra, of the A(a,b) and A'(a,b) sites, in the CO phase. As in α-ET-I 3 , this linewidth broadening suggests that the charge disproportionation between A and A' molecules is due to the Coulomb repulsion. The incommensurate lattice modulation distributes the amplitude of the charge disproportionation, such that the splitting should be observed as linewidth broadening. Geometrically a one-dimensional band is formed along the a axis, resulting in a disproportionation between A and A' molecules nearly perpendicular to the DW modulation.
Intercolumn disproportionation is observed at typical temperatures (Fig. 5) . 200 K, the disproportionation in the BC column is enhanced, and crystallographic symmetry is unchanged. From 200 to 100 K, the disproportionation in the A column perpendicular to DW modulation emerges, suggesting the breaking of symmetry.
The estimated spin disproportionation χ /χ was about 0.04. Vibrational spectroscopy suggested that the degree of charge disproportionation was much smaller than that in α-ET-I 3 . 25 This finding is consistent with the small disproportionation estimated from the linewidth. The charge fluctuation around 100 K is suggested by the reflection spectrum of α-ET-K, which may detect the response of the disproportionate state between A and A' molecules along the c axis. 33 Our results suggest that the paramagnetic phase of α-(BEDT−TTF) 2 X showed CO instability, whereas, at low temperature, these phenomena differ for the CO state of α-ET-I 3 and the DW state of α-ET-Rb, a difference that may be explained by the topology of Fermi surfaces. The molecule α-ET-Rb has a one-dimensional open Fermi surface, which can nest easily, 11 whereas α-ET-I 3 has a characteristic band structure similar to a Dirac electron system. 10 The unified phase diagram of α-(BEDT−TTF) 2 X may be described by the competition between and combination of the band shape and the CO (symmetry breaking) instability.
We note that α-ET-NH 4 showed superconductivity when the DW transition at low temperature was suppressed. The pairing mechanism in α-ET-NH 4 may be assessed by verifying the CO instability coupling with a DW fluctuation in the paramagnetic state. Although vibrational spectroscopy showed no anomaly in α-ET-NH 4 , it showed an anomaly in α-ET-K only below 20 K and could not detect this behavior at around 100 K. 25 Hence the 13 C-NMR spectrum of α-ET-NH 4 is necessary.
IV. CONCLUDING REMARKS
In conclusion, we performed 13 C-NMR measurements of α-ET-Rb in the direction of the large hyperfine coupling constant of the A(a) and A(b) sites. By combining the Knight shifts of the A(a) and A(b) sites and the results of the B and C sites, we found that the spin susceptibility of α-ET-Rb showed spin disproportionation, similar to that of α-ET-I 3 , which undergoes a CO transition. We found that the temperature dependence of the linewidth of the NMR spectrum at the A sites gradually increased as temperature decreased from 200 K, whereas the linewidth of the B and C sites increased rapidly from 50 to 8 K. The anomaly of A site is reminiscent of the lattice modulation observed by XRD. Differences in broadening behavior at the A and other sites could be explained by the breakage of electronic symmetry at the A sites, suggesting CO instability with DW modulation.
